The loci of the vertebrate major histocompatibility complex encode cell-surface glycoproteins that present peptides to T cells. Certain of these loci are highly polymorphic, and the mechanisms responsible for this polymorphism have been intensely debated. Four independent lines of evidence support the hypothesis that MHC polymorphisms are selectively maintained: (a) The distribution of allelic frequencies does not fit the neutral expectation. (b) The rate of nonsynonymous nucleotide substitution significantly exceeds the rate of synonymous substitution in the codons encoding the peptide-binding region of the molecule. (c) Polymorphisms have been maintained for long periods of time ("trans-species polymorphism"). (d ) Introns have been homogenized relative to exons over evolutionary time, suggesting that balancing selection acts to maintain diversity in the latter, in contrast to the former.
INTRODUCTION
The major histocompatibility complex (MHC) of vertebrates is a multigene family whose products are cell-surface glycoproteins that play a key role in the immune system by presenting peptides to T cells (32) . The MHC family includes two major subfamilies, called class I and class II. In most of the vertebrate species in which these genes have been mapped, the class I and class II families are linked together in a single gene complex. This complex is located on chromosome 6 in humans and is called the HLA complex (for "human leukocyte antigen"). In mammals, class I and class II genes are located in different regions of this complex, which are separated by a third region, sometimes called class III, that contains unrelated genes. Certain of the class I and class II genes have extraordinarily high levels of polymorphism, among the highest known in any organism (32) . Furthermore, MHC polymorphisms are characterized by a large number of alleles of intermediate frequencies-a pattern of polymorphism inconsistent with selective neutrality but rather suggesting the action of some form of balancing selection (21) .
To allow readers unfamilar with the MHC or with immunology to appreciate our discussion of the molecular evolution of MHC genes, we begin this review with an introduction to basic MHC biology. Then we discuss evidence that MHC polymorphism is maintained by balancing selection relating to the peptide-binding function of the MHC molecules and thus, ultimately, to disease resistance. Finally, we consider some unique aspects of MHC evolution that are ultimately consequences of this balancing selection.
STRUCTURE AND FUNCTION OF MHC MOLECULES

Class I Molecules
The polymorphic class I MHC molecules (called the class Ia molecules or class I classical molecules) are glycoproteins expressed on the surface of all nucleated somatic cells; they function to present peptides to cytotoxic T lymphocytes (CTL). The class I molecule is a heterodimer consisting of the following two chains: (a) an α chain or heavy chain, made up of three extracellular domains (designated α 1 , α 2 , and α 3 ), a transmembrane region, and a cytoplasmic domain; and (b) a molecule called β 2 -microglobulin (β 2 m), which consists of a single domain ( Figure 1 ). β 2 m is noncovalently linked to the α 3 domain. The α chains are encoded within the MHC complex by the polymorphic class Ia loci, of which there are three in humans (HLA-A, HLA-B, and HLA-C ). In mammals and probably in most other vertebrates, β 2 m is encoded outside the MHC complex (on chromosome 15 in humans). β 2 m shows evidence of a distant evolutionary relationship to class I α chains and to class II MHC molecules, but the locus encoding it is not polymorphic.
In all cells, there is a constant turnover of cellular proteins that are broken down into small peptides by a multimeric proteolytic complex in the cytoplasm known as the proteasome (46, 50) . Proteasomes are present in all organisms, but their components are considerably more highly diversified in eukaryotes than they are in archaebacteria (22, 50) . In mammals (and probably in most other vertebrates), there are two proteasome components encoded within the MHC class II region, called LMP2 and LMP7. (LMP is an abbreviation for low molecular mass polypeptide.) LMP2 and LMP7 are not expressed under all circumstances. Rather, two constitutively expressed components, called X and Y, are ordinarily expressed in their place (2) . The cytokine γ -interferon enhances expression of both class I MHC molecules and LMP2 and LMP7. A proteasome containing LMP2 and LMP7 (called an LMP+ proteasome) has an altered specificity with regard to where it cleaves polypeptides; the LMP+ proteasome specifically produces peptides of a sort likely to be bound by class I MHC molecules (14, 17, 39) .
These peptides are transported across the membrane of the endoplasmic reticulum (ER) by a dimeric transporter called TAP. The two subunits of TAP are themselves encoded in the MHC class II region. In the ER, a complex is formed involving the class I MHC molecule, the peptide, and β 2 m, which is then transported to the cell surface. When the first crystal structure of a class I MHC molecule was described, its most striking feature was a groove at the top of the molecule formed by two α helices bordering a β-pleated sheet (6, 7) . Residues from both the α 1 and α 2 domains contribute to this groove ( Figure 1 ). It seemed obvious that this groove was where the peptide is bound, a hypothesis later confirmed by crystallographic images of class I molecule complexed with peptides (18, 53) . The class I peptide-binding region (PBR) consists of five pockets (pockets A-F) in which side-chains of the peptide residues fit (52) .
In an uninfected cell, the peptides bound by a class I molecule are derived from the cell's own proteins (often called self peptides.). CTL exercise a continual surveillance in the body by means of their cell-surface receptors (T cell receptors or TCR). In the development of CTL in the thymus, TCR are selected so that the only CTL permitted to circulate are those that do not attack the complex of self class I MHC and self peptide (5) . However, during infection by a virus or other intracellular parasite, some of the proteins broken down by the proteasome are of parasitic origin. Thus at least some of the class I molecules expressed on the surface of an infected cell will bind nonself or foreign peptides. When CTL encounter the complex of self class I MHC and foreign peptide, a cytotoxic reaction is initiated that kills the infected cell. CTL can only recognize foreign peptides in the context of self class I MHC; this phenomenon is known as class I MHC restriction of CTL. The CTL and class I MHC together thus provide a drastic solution to the problem of an intracellular parasite: killing all cells that harbor the infection (5). Mice that do not express β 2 m and, thus, do not express class I MHC on their cell surfaces, suffer severe effects when exposed to intracellular pathogens. For example, these mice showed delayed viral clearance and increase mortality when infected with influenza virus (3) and 100% mortality when infected with the intracellular bacterium Mycobacterium tuberculosis (16) . These results show that the class I MHC plays an essential role in immune defense against intracellular pathogens.
Class II Molecules
Class II MHC molecules have a much more restricted expression pattern than do class I molecules, in that they are expressed primarily on antigen-presenting cells of the immune system. The class II molecule presents peptides to helper T cells. In response to a foreign peptide, the helper T cells release cytokines that trigger an appropriate immune response (including the production of antibodies). The class II molecule is similar to the class I molecule in having four extracellular domains, but it achieves this structure in a rather different way ( Figure 1 ). The class II molecule is a heterodimer consisting of an α chain and a β chain, each of which in mammals is encoded in the class II region of the MHC complex. In placental mammals, the class II region is divided into subregions (designated DR, DP, and DQ in humans), each of which contains a functional α chain gene and one or more functional β chain genes. The α chain includes two extracellular domains (α 1 and α 2 ), a transmembrane region, and a cytoplasmic tail.
Like the class I molecule, the class II molecule binds peptides in a groove at the top of the molecule. As with class I, the class II peptide-binding groove consists of two α helices bordering a β-pleated sheet. The difference is that in class II, one of the α helices and about half of the β-pleated sheet are contributed by the α chain, whereas the other α helix and the other half of the β-pleated sheet come from the β chain (Figure 1 ). Unlike the peptides presented by class I, which are mainly 9 amino acids in length, the peptides presented by class II molecules can vary substantially in length, between about 11 and 17 residues (49). The reason for this difference is that in the case of class I the ends of the peptide are tucked down into the peptide-binding groove, limiting the peptide's length. In class II, the peptide's ends are free, which makes its length less constrained.
The complex between the class II molecule and its peptide ligand is created by a mechanism quite distinct from that of class I. Before transport to the cell surface, the class II dimer forms a complex with a polypeptide known as the invariant chain (Ii). This complex then travels to an acidic endosome-like compartment (47) . There Ii is degraded, and the class II molecule binds the peptide which it transports to the cell surface. A molecule known as DM serves as a chaperone facilitating the loading of peptides by class II molecules (34) . Interestingly, DM is clearly evolutionarily related to the class II molecule; it consists of an α chain and a β chain, each of which shows clear evidence of homology to the corresponding chains of the class II heterodimer (29) .
EXPLAINING MHC POLYMORPHISM
The Overdominance Hypothesis Zinkernagel & Doherty (59) first demonstrated class I MHC restriction of antigen (i.e. peptide) recognition by CTL. Soon afterwards, Doherty & Zinkernagel (13) proposed the first hypothesis for MHC polymorphism that took into account the actual biological function of these molecules. Doherty & Zinkernagel presented evidence that different class I MHC gene products differ with respect to the antigens that they can present. In other words, to express the concept in terms of our current knowledge of MHC function, different allelic products bind different arrays of peptides Thus, they argued, in a population exposed to an array of pathogens, it will be advantageous for an individual to be heterozygous 
The last residue position of the peptide is usually number 9 but may be number 10. Data are from Reference 49. at MHC loci because a heterozygote will be able to present a broader array of antigens and thus resist a broader array of pathogens. Such a mechanism of heterozygote advantage (also known as overdominant selection) could account for the extraordinary polymorphism found at MHC loci.
Doherty & Zinkernagel's early evidence pointing to a difference between different MHC gene products with respect to the peptides they bind has been confirmed in recent years by sequencing peptides bound by MHC molecules.
Comparisons of many such peptides have shown that the peptides bound by a specific MHC allelic product invariably contain one or more characteristic residues-called anchor residues, because they anchor the peptide into the binding groove (Table 1 ). In the case of the class I MHC, the anchor residues are usually the second residue of the peptide, which fits into the B pocket, and /or the ninth residue of the peptide, which fits into the F pocket (49) . Because positions other than the anchor residues seem to be relatively free to vary, each allelic product can potentially bind thousands of different peptides. Nonetheless, because different allelic products have different anchor motifs, a heterozygote will presumably have much broader immune surveillance than a homozygote has. For example, HLA-B * 39011 prefers the positively charged residues R or H in the second residue of the peptide, whereas HLA-B * 4403 prefers the negatively charged residue E (Table 1 ). An individual heterozygous for these two alleles will be able to bind both types of peptides. Doherty & Zinkernagel's hypothesis that overdominant selection maintains MHC polymorphism did not initially meet with wide acceptance. Some population geneticists had the mistaken impression that overdominant selection cannot maintain a polymorphism as extensive as that seen at MHC loci. This impression was based on theoretical models that did not take into account the role of mutation in incorporating new alleles. More realistic models that incorporated the role of mutation showed that overdominant selection is indeed capable of maintaining a high level of polymorphism (37) .
An additional problem was the difficulty in testing the hypothesis of overdominant selection at MHC loci by means of a conventional population study. In an outbred species such as human or mouse, most individuals are heterozygous at most MHC loci. Thus, it would be necessary to survey many thousands of individuals to amass a large enough sample of homozygotes to compare their fitness with that of heterozygotes. Furthermore, if the selective advantage possessed by heterozygotes were small-say one or a few percent-then the sample size would have to be still larger to have the statistical power to test for a difference between homozygotes and heterozygotes.
Patterns of Nucleotide Substitution
Hughes & Nei (24) took a different approach to testing Doherty & Zinkernagel's hypothesis. By the late 1980s, a number of nucleotide sequences for MHC class I genes had become available. In most genes the rate of synonymous nucleotide substitution per site (d S ) exceeds that of nonsynonymous substitution per site (d N ). Theoretical study (36) had predicted that overdominant selection should enhance the rate of codon substitution; thus, if Doherty & Zinkernagel's hypothesis is true, d N should be enhanced in the case of MHC genes. Furthermore, the first crystal structure of a class I MHC molecule had recently been published (6, 7) , revealing the peptide-binding groove. On the hypothesis that MHC polymorphism is maintained by overdominant selection relating to peptide binding, Hughes & Nei (24) predicted that an enhanced nonsynonymous rate should be seen mainly in the codons encoding the PBR of the molecule.
The results dramatically confirmed this prediction. Figure 2 shows the results of recent analyses using many more sequences than were available to Hughes & Nei (24) , but the results are essentially the same as they reported. In the 57 codons encoding the PBR, d N significantly exceeds d S (Figure 2 ). By contrast, in the non-PBR portions of the α 1 and α 2 domains and in the α 3 domain, d S exceeds d N , as is true of most genes ( Figure 2 ). Note that d S values do not differ greatly from one gene region to another. Since d S is expected to reflect the mutation rate (the fraction of neutral mutations at synonymous sites being close to 100%), the uniform value of d S indicates that the enhanced value of d N in the PBR codons cannot be explained by a higher mutation rate in those codons. Rather, the results strongly support the hypothesis that positive Darwinian selection has acted to enhance the rate of nonsynonymous substitution in the PBR codons and thus to enhance amino acid diversity in the PBR.
In the case of the class II MHC, a hypothetical structure was proposed by analogy with the known class I structure (8) . Using this hypothetical structure, Hughes & Nei (25) found d N > d S in the putative PBR. When a class II crystal structure was obtained (9) , this finding was confirmed (Figure 3; 29) . 
Alternative Hypotheses
Comparison of rates of synonymous and nonsynonymous nucleotide substitution provided strong evidence that MHC polymorphism is maintained by some form of balancing selection; but it is still uncertain whether this selection is overdominant, as hypothesized by Doherty & Zinkernagel, or rather represents some other form of balancing selection. One form of balancing selection that has received a great deal of attention in the literature of theoretical population genetics is frequency-dependent selection. Of the several different models of frequency-dependent selection, some are theoretically capable of maintaining a high level of polymorphism such as seen at MHC loci (55) . In the case of the MHC, however, there is a clear rationale for overdominant selection based on the function of the molecules: namely, that heterozygotes have an advantage derived from a broader immune surveillance because a heterozygote can bind a broader spectrum of peptides than can a homozygote.
One early hypothesis to explain MHC polymorphism was independent of the molecules' function. This was the hypothesis that MHC loci have an unusually high mutation rate (1) . DNA sequence data have made it possible to test this hypothesis rigorously. Because d S is expected to reflect the mutation rate, d S values for MHC genes can be compared with those of other genes to assess the comparative magnitude of the mutation rate at MHC loci. Such comparisons have shown that the mutation rates at MHC loci are below average for mammalian genes. For example, when d S values between human and mouse were computed for 80 immunoglobulin superfamily C-type domains, the mean value was 0.654 ± 0.026 (23) . The mean for class II β 2 domains, which are homologous to immunoglobulin C-type domains, was 0.526 ± 0.067 (23) .
A more recent version of essentially the same hypothesis held that MHC polymorphism was enhanced by interlocus recombination (gene conversion) (36, 45) . Theoretically, it is possible that if members of a gene family have diverged from each other at the sequence level and interlocus recombination subsequently occurs, polymorphism at each locus will be enhanced. However, gene conversion is expected to be an essentially random process; thus it cannot explain the very specific pattern of d N > d S in the PBR codons that characterizes MHC loci (24, 25) .
Because the function of MHC molecules was unknown for a long time, the earliest hypotheses to explain MHC polymorphism often attempted to explain both MHC function and polymorphism. Several popular hypotheses relied on analogies between the MHC and other biological systems. Most influential were hypotheses that saw an analogy between the MHC and the self-incompatibility systems of plants. The self-incompatibility loci are also extraordinarily polymorphic, and it was tempting to see the MHC as a vertebrate analogue. The result of this analogy was a proliferation of hypotheses relating the MHC to reproduction (e.g. 56). Even though the real function of the MHC is now known, some of these hypotheses have assumed a life of their own in the literature and continue to attract adherents.
One hypothesis was that MHC polymorphism is maintained by maternalfetal interactions (12) . This hypothesis depends on the assumption that the production of maternal antibodies to fetal class I MHC molecules has a beneficial effect on fetal growth and survival. Although some early studies seemed to show such an effect, it has not been supported by subsequent work (11, 30, 32, 57 Furthermore, it is hard to imagine how maternal-fetal interactions would lead to natural selection favoring diversity specifically in the PBR. On this hypothesis, one would predict that selection would enhance the rate of nonsynonymous substitution in epitopes for maternal antibodies. In the case of class I MHC molecules, these epitopes are scattered throughout the α 1 and α 2 domains, rather that being concentrated in the PBR (7, 40) . Also, this hypothesis cannot account for the fact that MHC polymorphism is high in fish, amphibians, and birds, all of which lack maternal-fetal interactions. Finally, it cannot account for class II polymorphism since class II molecules are only expressed on antigen-presenting cells of the immune system and thus are unlikely to be involved in maternal-fetal interactions. Another hypothesis is that MHC polymorphism is maintained by disassortative mating on the basis of MHC genotype, which is supposedly recognized via olfaction. Experiments cited as evidence for this phenomenon in mice (48, 58) lack relevant controls and are open to other interpretations (reviewed in 23). Data from the S-leut Hutterite religious isolate have been presented as evidence for MHC-based disassortative mate choice in humans (44) . This is an endogamous population descended from a small number of founders, in which members avoid marriage to first cousins. In such a population, avoidance of closely consanguineous marriage alone will lead to a lower frequency of sharing of MHC haplotypes by spouses than would be expected under random mating. To test the hypothesis of MHC-based mate choice, it is necessary to compare the frequency of MHC-haplotype sharing between actual spouses with that between potential spouses (i.e. individuals of the appropriate sex, age, and degree of kinship to be chosen as spouses). So far, such a comparison has not been made (44) . Furthermore, no evidence of MHC-associated mate choice was obtained in South Amerindians (20) , whose population structure is probably more typical of human populations throughout history than are the highly inbred Hutterites. As with maternal-fetal incompatibility, it is hard to imagine how MHCbased mate choice would lead to natural selection focused specifically on the PBR.
TRANS-SPECIES POLYMORPHISM
A characteristic of MHC polymorphism that provides additional strong support for the hypothesis of balancing selection is the phenomenon called trans-species polymorphism. Often MHC polymorphisms are quite ancient, predating speciation events. For example, certain alleles at both class I and class II MHC alleles from human and chimpanzee belong to allelic lineages that have persisted since before these two species diverged 5-7 MYA (19, 35, 38) . Figure 4 shows an example of trans-species polymorphism in the class II DQB1 locus in human and chimpanzee. In the phylogenetic tree of DQB1 alleles, the human alleles HLA-DQB1 * 0302 and HLA-DQB1 * 03032 cluster with the chimpanzee allele Patr-DQB1 * 0302 (Figure 4 ). On the other hand HLA-DQB1 * 0501, HLA-DQB1 * 06011 and related human alleles cluster with the chimpanzee allele Patr-DQB1 * O601 and related chimpanzee alleles (Figure 4 ). These clusters of alleles apparently represent allelic lineages that were present in the common ancestor of chimpanzees and humans and have persisted in each population since their divergence.
Neutral polymorphisms are not expected to persist very long in populations. Coalescence theory predicts that, for pairs of neutral alleles selected at random from a locus in a randomly mating population, their mean coalescence time (that is, the time of their last common ancestor) will be 2N e generations, where N e is the long-term effective population size (55) . Assuming a long-term effective population size of 10 4 for humans, the mean coalescence time for neutral alleles would be only 600,000 years. Thus, neutral polymorphism is, with respect to evolutionary time, a relatively transient phenomenon.
Under balancing selection, Takahata & Nei (55) showed that polymorphisms can persist much longer than in the neutral case. Using computer simulation, these authors studied overdominant selection and several models of frequencydependent selection. They found that under overdominant selection and one type of frequency-dependent selection (which they called minority advantage), it was possible to maintain polymorphisms for very long times even with relatively modest selection coefficients. Thus either of these types of balancing selection can account for the long coalescence times of alleles at MHC loci.
In the model of minority advantage, it was assumed that a genotype had a selective advantage whenever it became rare in the population (54) . Mathematically, this model turns out to be essentially the same as that of overdominant selection; however, from a biological point of view, it might well be questioned whether it is truly applicable to the MHC. Consider a parasite species that is easily eliminated by its host because most members of the host species bear an MHC allele (A1) whose product can bind and present a peptide from a given protein of the parasite. Then, suppose that a mutation occurs in the parasite so that this MHC allele can no longer bind the peptide, and the parasite is now able to infect most members of the host species with impunity. Suppose, however, that there is a rare MHC allele in the host species (A2) whose product can bind another peptide from this parasite and protect against infection. Clearly, the A2 allele will have a selective advantage and will increase in frequency. Now consider what will happen to the A1 allele. The minority advantage model assumes that, once the A2 allele becomes common, the A1 allele will again have a selective advantage. But how would this happen realistically in the case of the MHC? It might be that the parasite will mutate again so that the A2 allelic product can no longer efficiently bind a peptide from the parasite. But it seems rather unlikely that this new escape mutant will somehow restore binding by the A1 allelic product. Yet this is precisely what the minority advantage model requires. Therefore, this model may not be applicable to the case of the MHC.
On the other hand, after the parasite mutates so that the A2 allelic product no longer binds a peptide from its proteins, it might happen that still another new mutant MHC allele appears (A3), the product of which can efficiently bind a peptide from the parasite. If this happens, we can expect that the A3 allele will increase in frequency. This model is called the pathogen adaptation model by Takahata & Nei (55) . However, this model cannot explain what is happening at MHC loci because rather than leading to a long-lasting polymorphism, this process will lead to a turnover of alleles over time (24, 55) .
CLASS I INTRONS
Nucleotide Diversity in Exons and Introns
Recently, intron sequences have become available for a number of alleles at the human class I loci HLA-A, -B, and -C. The evolutionary dynamics of class I introns seems to differ strikingly from that of exons in ways that may seem surprising to some immunologists. Yet the properties of class I introns are in fact exactly what one would predict in the case of balancing selection. Thus, the analysis of class I introns has provided an additional, independent line of evidence that polymorphism at these loci is maintained by balancing selection. HLA-B locus 2.5 ± 0.9 1.6 ± 0.4 * * * 0.7 ± 0.2 * * * 4.9 ± 0.9 comparisons HLA-C locus 1.6 ± 0.6 1.8 ± 0.5 1.4 ± 0.3 * * 3.6 ± 0.9 (intralocus) a All intralocus 2.7 ± 0.9 1.8 ± 0.5 * * * * P < 0.05; * * P < 0.01; * * * P < 0.001.
plots is that the mean p is generally lower in the introns than in the exons; this is particularly true of intron 3, which is much longer than either intron 1 or intron 2 ( Figure 5 ). In most genes, this pattern would be reversed: p would be lower in exons than in introns because purifying selection eliminates most nonsynonymous mutations in exons (28) . A detailed examination of patterns of nucleotide substitution explains the usual results of the sliding window analysis. At each locus, the mean number of nucleotide substitutions per site (d ) in introns 1-3 was compared with mean d S in exons 2-3 ( Table 2 ). Mean d S in the exons was generally higher than mean d in the introns. This was particularly true for intron 3 and was most striking in the case of the B locus. At the B locus, mean d in intron 3 was less than 1%, whereas mean d S in exons 2-3 was nearly 5% and seven times higher than mean d in intron 3 ( Table 2 ). This result is very unusual because in the case of most genes d in introns and d S in exons are about equal (28) .
Hitch-Hiking under Balancing Selection
The most reasonable explanation for the fact that d in introns of human class I genes is often lower than d S in exons is that introns are homogenized by interallelic recombination and subsequent genetic drift (10) . The exons of these genes-particularly those encoding the PBR-are quite ancient, having been maintained for millions of years by balancing selection. However, this selection does not apply to introns. Though intron sequences may hitch-hike along with exon sequences to some extent, if recombination and drift lead to loss of ancient polymorphism in an intron, this will be selectively neutral. Thus, introns of MHC genes are expected to be evolutionarily younger on average than are the exons encoding the PBR. Both d S in exons and d in introns are expected to reflect the mutation rate, since most mutations at synonymous sites and at sites in introns are selectively neutral (28) . When d S in the exons is much higher than d in adjacent introns, the most straightforward interpretation is that the exons are older than the introns. Population geneticists have extensively studied the problem of polymorphism at a locus linked to one under balancing selection (33, 43, 54) . These studies predict that the degree of hitch-hiking-and thus the extent of polymorphismat such a locus will be a function of the extent of recombination between that locus and the one under selection. Extending these predictions to the case of polymorphic class I MHC loci, we expect that introns more closely linked to exons 2-3 (encoding the PBR) will show higher levels of polymorphism than those less closely linked to exons 2-3. Introns 2 and 3 are relatively short (130 and 268 aligned nucleotide sites, respectively); and intron 1 is located just 5 to exon 2, while intron 2 is located between exons 2 and 3. By contrast, intron 3, located 3 to exon 3, contains 653 aligned sites; so, on average, nucleotide sites in intron 3 will be less closely linked to nonsynonymous PBR sites than will sites in introns 1 and 2. Thus, we might predict that intron 3 will be more likely to be homogenized by recombination and subsequent drift than will introns 1-2; the latter two introns are predicted to hitch-hike more closely with the PBR exons and thus to have higher levels of nucleotide diversity.
These predictions are supported by the data (Table 2) . Intron 3 sequences show the lowest mean d for all three loci (Table 2 ). In addition, comparisons between individual sequences reveal some apparent recent cases of recombination. For example, the alleles A * 2501 and A * 2601 are identical in exons 2-3 and in introns 1 and 2, yet differ markedly in intron 3 (Table 2 ), which suggests that that this intron has been recently donated to one of these alleles by a more distantly related allele. On the other hand, B * 0702 and B * 5401, though identical in intron 2, are highly divergent in the remainder of their sequence (Table 2) . In this case, recombination seems to have caused the homogenization of intron 2 between these two alleles. These examples show that recombination in itself does not cause homogenization of introns among all alleles at a locus. Rather, over evolutionary time, genetic drift will lead to homogenization of introns, given that recombination occurs.
Bergstrom and colleagues (4) recently sequenced portions of the second intron from the human class II DRB1 locus. They found that the intron sequences were much more similar to each other than were sequences of exon 2 (which includes the PBR); indeed, intron sequences were even more similar than were synonymous sites in exons. These results are very similar to the class I results, which suggests that introns are younger than exons because introns have been homogenized relative to exons by recombination and subsequent genetic drift. However, Bergstrom et al (4) favor a different interpretation of their data. They argue that in fact the introns reveal the true age of the MHC alleles. Thus, according to these authors, allelic lineages are not really as old as predicted under the hypothesis of trans-species polymorphism. Rather, they argue, DRB1 alleles are really very recent.
Bergstrom et al (4) do not address the fact that their conclusions contradict those of previous studies that suggested that MHC alleles are very ancient. Moreover, if they are right, the class II exons have experienced very rapid recent evolution at synonymous sites. Positive selection will increase the rate of nucleotide substitution at nonsynonymous sites, but there is no known mechanism that will increase the rate of substitution at synonymous sites. Rather, we expect the rate of substitution at synonymous sites to be very similar to that at sites in introns; and this prediction is supported by comparison of mammalian introns and exons in the case of non-MHC genes (28) . In spite of their interpretation, the Bergstrom et al (4) data clearly suggest that DRB1 exon 2 sequences are much older than DRB1 intron 2 sequences-as seen in class I and as predicted by population genetics theory (10) .
It is important to distinguish the effects of hitch-hiking of one locus with another, linked locus in two different circumstances: (a) when the linked locus is under directional selection (which leads to fixation of a selectively favored allele); and (b) when the linked locus is under balancing selection. In the former case, both the locus under selection and a closely linked locus will show reduced polymorphism compared to neutral loci because of the recent fixation of the favorable allele. This phenomenon is often referred to as a selective sweep, because polymorphism linked to the favored mutation is swept out of the population as the new mutant goes to fixation. By contrast, a locus closely linked to a locus under balancing selection will show higher polymorphism than a neutral locus (43, 54) . The polymorphism seen at such a linked locus will be a function of how tightly it is linked to the selected locus. In the case of DRB1, the selection is acting on nonsynonymous sites in the PBR codons in exon 2. Because sites in intron 2 of DRB1 are less closely linked to PBR nonsynonymous sites than are synonymous sites in exon 2, the latter are expected to show a higher level of polymorphism because of their hitch-hiking with the PBR nonsynonymous sites, exactly as the DRB1 data show (4) .
